Careful engineering of the electron transfer layer (ETL) is a promising approach to improve the efficiency of perovskite solar cells (PSCs). In this study, we demonstrate the potential of using zinc stannate (Zn 2 SnO 4, or ZSO from here) as ETL for the fabrication of highly efficient PSCs. ZSO was deposited on top of FTO glass as thin films and nanorod arrays using ultrasonic spray pyrolysis (USP) technique. Optical characterizations reveal that perovskite films deposited on such nanorod arrays of ZSO have a lower transmittance exhibiting better charge extraction properties compared to the planar ZSO thin films. The best ZSO-based device reached a power conversion efficiency (PCE) of 18.24% and a high current density of 23.8 mA/cm 2 . Moreover, these devices showed a lower hysteresis index in compared to the ZSO planar based devices. Reaching high efficiency and high stability are among the most important challenges in the field of organic-inorganic perovskite solar cells (PSCs).
niques, the improvement of charge extraction properties in electron transporting layer (ETL) and light absorption in the device are the most effective approaches for boosting the photovoltaic parameters of PSCs. [12] [13] [14] [15] [16] [17] In general, TiO 2 , ZnO, and SnO 2 are commonly used as
ETLs for the fabrication of PSCs. [18] [19] [20] [21] [22] [23] For example, Mahmood et al. 24 demonstrated a PSC using N-doped ZnO nanorods. This resulted in a PCE of 16.1% and low hysteresis. Jiang et al. 25 reported a PSC with an efficiency of 11.7% based on a TiO 2 nanowire ETL. Besides these metal oxides, Zn 2 SO 4 (ZSO) is another alternative ETL for the fabrication of efficient PSCs, which has been recently utilized in the form of thin films and quantum dots (QDs). ZSO shows interesting electrical properties and its band levels are well-matched with perovskite absorber. [26] [27] [28] [29] [30] [31] [32] Bera et al. 31 deposited a compact layer of ZSO and reported a PCE of 13.34%, while Shin et al. 32 synthesized ZSO QDs at low temperature process resulting in a PCE of 15.3%.
In this work, we have successfully grown ZSO layers as thin films and in the form of nanorod arrays using an ultrasonic spray pyrolysis (USP) technique. We then employed them as ETLs for the fabrication of PSCs. The fabricated ZSO nanorods has a strong quenching effect in compared to ZSO based thin film indicating improved charge extraction. Moreover, PSCs based on ZSO nanorod photoelectrode exhibit a maximum PCE of 18.24% in compared to planar device with PCE of 17.04%, (mainly due to a higher current density).
Deposition of ZSO thin film and nanorod array: FTO glass (NSG-10) was selected as substrates for PSC devices. First, the substrates were etched by using zinc powder and HCl solution (2 M). Then, the substrates were cleaned carefully by 20 min sonication in Triton X100 (1 vol% in deionized water), deionized water, acetone, and ethanol, respectively. Ultrasonic spray pyrolysis was employed to fabricate ZSO planar film and nanorod array. In this regard, ZnCl 2 and SnCl 2 2H 2 O (molar ratio = 2:1) were dissolved in 25 mL isopropanol (IPA). The concentration of solution was fixed to 0.1 M for both planar film and nanorod array. After 1 h stirring, the solution was sprayed on substrates using ultrasonic system and flowing oxygen as a carrier gas. The diameter of nozzle was 5 cm with many small holes. The substrate temperatures for thin film and nanorod array were 420°C and 380°C, respectively. The distance between nozzle and substrate was optimized and fixed for both cases (4 cm). For nanorod growth, we have reduced the gas pressure and increase the growth time as compared to thin film growth. Notably, for nanorod growth a seed layer of ZSO solution was spin-coated on the substrate, followed by annealing at 420°C.
Device fabrication: After USP deposition of ZSO on the FTO glass and plasma cleaning for 2 min, MAPbI 3 perovskite was deposited from a solution of PbI 2 (1.2 M, TCI) and methylammonium iodide (1.15 M, dyesol) in a mixed solvent of DMF:DMSO (4:1). The spin coating process was performed at 1000 rpm for 10 s and 6000 rpm for 30 s. 200 μL of chlorobenzene was applied to film 10 seconds before end of spinning. Then, the film was annealed at 100°C for 1 h. For HTL layer, a solution of spiro (52 mg/500μL CB) with 23 μL of 4-tert-butyl pyridine (TBP) and 12.34 μL of bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-Aldrich) (520 mg/1 mL acetonitrile) was spin-coated at 4000 rpm for 20 s (with ramp rate of 2000/s). The device was completed finally by thermal evaporation of 100 nm-thick gold as a back contact.
The ideality factor was calculated from the following formula: 40 where I, I 0, q, n, k, T, and V are current, saturation current, electron charge, ideality factor, Boltzmann constant, temperature, and voltage, respectively. Film characterization: The ZSO and perovskite morphologies were studied by scanning electron microscopy (SEM, ZEISS Merlin). Varian Cary 5 and Fluorolog 322 (Horiba Jobin Ybon Ltd) were employed to measure UV-vis and Steady-state photoluminescence (PL) spectra, respectively. X-ray diffraction (XRD) pattern was measured by Bruker D8 X-ray Diffractometer (USA) utilizing a Cu Kα radiation.
Device measurement: For J-V measurement a 450 W xenon lamp (Oriel, USA) and a digital source meter (Keithley model 2400, USA) were employed. All devices were measured using a black aperture with 0.1 cm 2 area. During the measurement, the scan rate was ZnO based thin films and nanorod arrays are very promising ETL for the fabrication of highly efficient solar cells such as QDs, dye synthesized and polymer solar cells. [33] [34] [35] [36] For PSCs, ZnO layer has a potential to react with perovskite film during the annealing process, as was shown by many researchers. 37, 38 Fig. 1 shows the topview scanning electron microscopy (SEM) images of perovskite films annealed on top of ZnO and ZSO ETLs. After the annealing process, the perovskite film on ZnO turned partially into a yellowish color indicating the presence of PbI 2 areas within the film. On the other hand, perovskite film on ZSO ETL was stable and did not show a yellow color. Thus, ZSO layer can be a great alternative to address the undesirable reaction of ZnO with perovskite. In this study, we used USP to deposit ZSO layer as thin film and nanorod arrays. For the synthesis of nanorod arrays of ZSO , the FTO substrate temperature and gas pressure of the precursors were controlled as described in the Experimental Section. The substrate temperature for the fabrication of planar and nanorod ZSO was set at 420°C and 380°C, respectively. To grow nanorod ZSO layers, a very thin seed layer of ZSO was spin-coated on the substrate and annealed at 420°C. Next, we lowered the grow rate of ZSO by decreasing the gas pressure and temperature to 380°C. Fig. 2 depicts the top view SEM images of a planar film and a nanorod array of ZSO. The thin film of ZSO has an average grain size of 120 ± 20 nm with great crystallinity and compactness (Fig. 2a) . On the other hand, the nanorod array of ZSO is dense and uniform with an average nanorod diameter of 30 ± 10 nm, as shown in Fig. 2b . To achieve high quality thin films Fig. S1 shows the top-view SEM images of ZSO nanorod arrays obtained from a non-stoichiometric precursor solution at high concentration. To further study the quality of ZSO nanorod array, a powder x-ray diffraction (pXRD) pattern has been measured as shown in Fig. S2 31 This result proves that ZSO layer has cubic spinel structure phase without any impurity of ZnO and SnO 2 phase. Notable, the broad background peak is from the glass substrate. Moreover, the ZSO nanorod array shows a strong peak in (311) direction, indicating the preferential orientation of nanorod array. Fig. 3 shows the optical properties of the ZSO thin film and nanorod array. Interestingly, the transmittance of ZSO nanorod array in all wavelengths is higher than that obtained for the planar based ZSO (Fig. 3a) . This indicates that the nanorod array helps to reduce the parasitic absorption of ZSO ETL and increase the absorption in a solar cell device. In the next step, a methylammonium lead triiodide (MAPbI 3 ) perovskite layer was deposited on top of the ZSO thin film and nanorod ETLs. Fig. S3 shows the absorbance spectrum of MAPbI 3 perovskite film with a band gap of 1.59 eV. The photoluminescence (PL) spectra of the perovskite films deposited on planar and nanorod ZSO ETLs are shown in Fig. 3b . We found that the nanorod array demonstrates a strong quenching effect as compared to planar ZSO samples. This suggests that the nanorod ETL can exhibit higher current density and lower hysteresis. To further confirm our PL result, we have performed time-resolved PL (TRPL) measurement for perovskite film deposited on planar and nanorod array ZSO. As shown in Fig. 3c , nanorod array shows stronger quenching effect as compared to planar sample, indicating its excellent charge transfer properties.
To study the effect of nanorod array on the photovoltaic properties, PSC devices based on planar and nanorod ZSO ETLs were fabricated. The device structure consists of FTO glass, ZSO ETL, MAPbI 3 absorber, spiro-OMeTAD hole transporting layer (HTL) and gold electrode. The current density-voltage (J-V) curves of the best performing PSC devices are shown in Fig. 4a . The champion planar device shows a short circuit current (J sc ) of 22.3 mA/cm 2 , a V oc of 1.06 V, a fill factor (FF) of 72.1% and a PCE of 17.04% (extracted from the reverse scan). Interestingly, the nanorod based device exhibits a high J sc of 23.8 mA/cm 2 , a V oc of 1.05 V, a fill factor (FF) of 73% and a PCE of 18.24% (reverse scan). The figures of merit for the corresponding devices are also summarized in Table 1 . These results demonstrate that the ZSO nanorod based device shows an enhanced J sc and FF due to the higher absorption as well as better charge extraction properties. As we showed in Fig. 3a , the nanorod array has higher transmittance and thus higher absorption in nanorod device as compared to planar device. The observed slightly lower V oc can be ascribed to the higher surface recombination. To confirm the high current density, we have performed an external quantum efficiency (EQE) test for the corresponding devices (Fig. 4b) . Our results show that the calculated J sc for planar and nanorod device are 21.7 and 23.1 mA/cm 2 , respectively. These results are in good agreement with the values derived from the corresponding J-V measurement. In addition, we have calculated the hysteresis index for the investigated devices as shown in Table 1 (hysteresis index = (PCE backward -PCE forward )/ PCE forward )*100). We found that the ZSO nanorod based devices showed lower hysteresis as compared to ZSO planar based devices. In fact, ZSO nanorod array showed stronger quenching effect (see Fig. 3 ) and improved the charge extraction of electrons in the device as compared to planar ZSO. This may help to make a balance between electron and hole extraction in the device, resulting in lower hysteresis. Figs. 4c-4f show the distribution of photovoltaic parameters of PSC devices based on planar and nanorod array of ZSO ETL. The average values of photovoltaic parameters for 10 devices depict the same trend as the best performing devices, and the average values of J sc (23.5 mA/cm 2 ), FF (73.2%), and PCE (17.8%) for ZSO nanorod based devices are higher than those of planar one. While the average value of V oc for nanorod devices is slightly lower than planar ones. The reason of lower V oc is the higher surface area on nanorod array as compared to planar device. More surface area can induce more defects (unbonded atoms), resulting in higher surface recombination. 39 Additionally, we have measured he dark current curves of the corresponding device and calculated their ideality factors (Fig. S4) . The ideality factor for nanorod based device is less than (2.02) planar one (2.40). These results indicate that the nanorod based PSC shows slightly better diode behavior than planar device, resulting in better photovoltaic parameters. One of the most important challenges in the PSC field which is necessary for commercialization is the device stability. In order to study the stability of nanorod based PSCs, we have performed shelf life stability test of nanorod based PSC devices after packaging with epoxy kept in dry box with 30% relative humidity over 60 days, as shown in Fig. 5 . Our result shows that the nanorod device maintains 96% of it is initial PCE value after 2 months, indicating the potential of our device for commercialization.
In conclusion, we have employed USP technique for the fabrication of planar and nanorod ZSO ETLs and demonstrated their utilization for highly efficient PSCs. We found that ZSO ETL in the form of nanorod increases drastically the current density and FF of PSCs due to higher absorption and better charge transfer properties. The fabricated PSCs based on nanorod array of ZSO exhibited a maximum PCE of 18.24% with low hysteresis in compared to ZSO planar based device (17.04%). Our results demonstrate that ZSO layer in the form of planar thin film and nanorod array represents a great alternative ETL for the fabrication of efficient PSCs.
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